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Rock hyrax middens are important palaeoenvironmental archives in southern Africa. Carbon and 2 nitrogen isotope measurements on middens (hyraceum) are key components of climate 3 reconstructions, but their interpretations require refinement. Although δ 15 N in hyraceum often 4 correlates with independent proxies for palaeo-aridity, the impact of dietary and physiological 5 controls on hyraceum δ 15 N remain to be resolved. We analyse  
Introduction
28
The communal latrines (middens) of the rock hyrax (Procavia capensis) have emerged as a key 29 palaeoenvironmental archive for desert regions in southern Africa (Scott and Bousman, 1990 ; Gil-30 Romera et al., 2006; Chase et al., 2012) . Several studies have developed palaeoclimatic records using 31 sequential analysis of stable carbon and nitrogen isotopes through stratified hyraceum, the 32 crystallised urinary material (cf. faecal pellets) that forms many hyrax middens (Scott and Vogel, 2000 ; 33 Chase et al., 2009; 2011; 2015a; 2015b) . Changes in hyraceum isotopic signals have 34 been inferred to largely relate to the stable isotope composition of the animal's diet and thus, to 35 environmental controls on plant isotopic composition in the midden environs (Chase et al., 2012) . It 36 has been argued that this interpretation is supported by facets of the midden geochemistry (Carr et 37 al., 2010) and by: 1) the close correlations in temporal isotopic trends between discrete midden 38 (colony) records ; 2) correlations of such trends with independent 39 palaeoenvironmental archives, which furthermore show the isotopically opposite responses to those 40 predicted by dominantly metabolic controls on urine stable isotope composition (Chase et al., 2009; 41 2011 2015b) ; and 3) good correlations between isotope and pollen data from the same midden 42 (Chase et al., 2015a; Chase et al. 2015b) . 43 Notwithstanding, the fundamental isotope systematics of the diet-herbivore system within 44 rock hyrax habitats remain to be fully elucidated. Observational data pertaining to feeding behaviour 45 exist for several hyrax species (Procavia johnstoni and Heterohyrax brucei; Hoeck, 1975) 
, including 46
Procavia capensis (Lensing, 1983; Fourie, 1983) , but isotopic data from materials other than hyraceum 47 are limited (e.g. DeNiro and Epstein, 1978) . The aim of the present work is to significantly expand our 48 understanding of the dietary variability and the isotope ecology of the rock hyrax (Procavia capensis) 49 via an extensive study of stable carbon and nitrogen isotopes relating to the animal's diet (derived 50 from faecal pellets) and to their potential diet (derived from plants around hyrax colonies) across a 51 range of climatic conditions. The latter data are also of wider value as systematically-derived δ Carbon and nitrogen isotopes in faeces 57 The stable carbon and nitrogen isotope compositions of animal tissues (e.g. hair and bone) and faecal 58 matter provide insights into herbivore diet ( C typically measures -28 to -25‰ (Vogel et al., 1978; Codron et al., 2005; . 65
Given such a separation, analysis of herbivore faecal δ 13 C allows grazing, browsing and mixed feeding 66 behaviours to be differentiated (Sponheimer et al. 2003a ; . 67
The nitrogen isotope signature of herbivore faeces is more complex to interpret. Body tissue 68 δ 15 N may be affected by several factors, including trophic level (Schoeninger and DeNiro, 1984) , diet 69 (plant isotopic composition, food quality, protein content (Sponheimer et Rock hyraxes are generally independent of water (i.e. drought-tolerant), but when available, 88 they will drink freely (Skinner and Chimimba, 2005 . Here, three separate sets of faecal pellet samples were 119 collected in association with the middens SWP-1, SWP-2 and SWP-3 (Figure 3a) . 1) SWP-1 is 120 surrounded by a mosaic of environments, ranging from exposed north-facing rocky slabs to a more 121 sheltered and densely vegetated drainage line, 2) SWP-2 occupies an exposed cliff with shallow soils 122 and low water retention potential, 3) SWP-3 is located at the valley bottom, in an area of relatively 123 high water availability and limited potential evapotranspiration. Similarly, the two middens at 124
Baviaanskloof (BK1 and BK2) are located either side of the NW/SE orientated Baviaanskloof valley, 125 with BK2 the more shaded. An additional site, Jaakvlakte (JV), lies near to the Doring River within the 126 Succulent Karoo Biome, albeit close to the Fynbos Biome (Figures 1 and 2e) . Table 1 ). We sought fresh looking 181 pellets occupying exposed rock surfaces that were unlikely to have remained undisturbed for any 182 length of time (e.g. it is unlikely that pellets persist in exposed locations through the rainy season), but 183
given how quickly the pellets dry out in these environments the true degree of "freshness" was 184 difficult to assess. 
Grassland Biome 350
The Grassland Biome (Figure 5d) shows a clear distinction between the Marikabi (MAR; 6.6 ± 2.2 to 351 8.8 ± 1.3‰) and Clarens sites (CLA sampling averages 3.1 ± 1.4 to 4.7 ± 1.4‰), although intra-site 352 variability is comparable to other sites in the study (ranges of 2-6 ‰). As with δ Foliar N content is also very variable ( Figure S3 ) and in the Fynbos biome (DR and PP), foliar N is low 365 compared to other biomes ( Table 2 ). In the savanna biome foliar N content is also significantly lower 366 in C4 grasses compared (C3) shrubs and trees at the same site (e.g. Codron et al. 2005 ) ( Table 2) . 367
368
Faecal stable isotope variability at a single site 369 At the intensively-sampled Spitzkoppe site it was possible to observe the isotopic variability of multiple 370 small pellet piles, which we hypothesised were deposited by a limited number of individuals during 371 short periods of recent feeding. There are marked differences in ). Flexibility in feeding is apparent however, as several pellet piles comprised a mix of pellets that 377 contain largely C4 plant-derived matter and also pellets composed largely of C3-derived plant matter 378 (e.g. sites 3 and 9). In some cases, the impact of the aforementioned tendency for lower  15 N in C4 379 grasses at this site ( Table 2) is also apparent (e.g. sites 3 and 7). The distance from the midden 380 increases with site number, but there is no tendency in these data for the scatter to be greater in 381 pellet piles further from the midden. Cape Province, but this represented a minor contribution to diet and was restricted to drier months 406 of the year (Fourie, 1983 ). In the other biomes faecal 
13
C values of between -23 and -16‰ suggest 407 mixed-feeding, most obviously in the Savanna (e.g. Figure 7 ). In the Grassland Biome, the generally 408 low faecal δ These data therefore indicate some variability, even within the same biome (savanna). Some of this 423 can be accounted for with consideration of the site settings. For example, at Omanyne the dominantly 424 C3 diet probably reflects the location of the midden on a steep rocky slope dominated by shrubs and 425 trees with few grasses within a 50 m feeding radius of the midden (Figure 2d) . By contrast, Zizou is 426 located on a small outcrop and lies immediately adjacent to a wide grassy plain, well within the 427 animal's feeding range (Figure 2b) . The more substantial contribution of grasses to diet here is 428 therefore unsurprising and is supported by the grazed appearance of the grasses around the site. The 429 rocky slopes at Spitzkoppe support a mixture of localised grasses, abundant shrubs and several species 430 of tree, with a mixed diet implied by the faecal δ 13 C data. Grasses only dominate on the plains 431 surrounding Spitzkoppe (Figure 2a) , which are beyond the safe foraging distance for hyraxes 432 occupying the rock slopes (Kotler et al., 1999) . The trees also include one species (Olea europeae) 433 previously reported to be a significant contributor to the rock hyrax diet (Fourie, 1983) . 434
Questions of dietary preference must be considered in the context of the temporal availability 435 of plant type, and observations of animal behaviour (e.g. Lensing, 1983; Fourie, 1983) . It has, for 436 example, been shown that the foraging range can fluctuate seasonally, depending on food availability 437 (Brown and Downs, 2005) . Lensing (1983) demonstrated that despite a diverse diet, as much as 90% 438 of an individual's stomach contents can comprise 2-4 plant species. Fourie (1983) 
0‰). 443
In terms of temporal variability, while trees and shrubs may access to deeper water resources, 444 in arid regions with seasonal and restricted growing seasons, the period of elevated protein and water 445 content (and thus palatability) in grasses is restricted to a few weeks of the year (Grunow et al., 1970) . 446
Observations of P. capensis behaviour and analysis of their stomach contents (Lensing, 1983; Fourie, 447 1983; Skinner and Chimimba, 2005) suggests that the rock hyrax is an opportunistic feeder, and that 448 grazing only comprises a substantial proportion of diet early in the wet season, when fresh grass is 449 sprouting. This period was observed to last for a matter of weeks in Namibia (Lensing, 1983) and to 450 end quickly as grass protein content falls in response to peak summer temperatures (Fourie, 1983) . 451
Supporting this, we note that the N (approximation of protein) content of grasses sampled in the 452 savanna biome, which here were mostly sampled at the end of the wet season /early dry season (Table  453 1) is lower than that of the shrubs and trees at the same sites ( Table 2 ). The role of foliar N content in 454 influencing seasonal grazing and browsing has been noted for other herbivores (Botha and Stock, 455 2005) . 456
Observational data suggest that while they may graze during times when fresh grasses are 457 available (Hoeck, 1975; Sale, 1965 Figure S1 ). Precisely how seasonality impacts our data more generally is difficult to assess, partly 466 because the identification of fresh pellets is challenging. Nonetheless, assuming that most samples 467 were deposited shortly prior to sampling (within weeks), it is possible that C4 grass palatability may 468 have been higher earlier in wet (summer) season (Lensing, 1983) (Table 1) . The maximum contribution 469 of C4 grasses may be higher than our estimates imply. 470
The question of whether these faecal data are mirrored in the hyraceum (hyrax midden) 13 C 471 content is important. For sites hosting hyrax middens with recent (last century) midden accumulation 472 (Table S2) , we observe that faecal δ 13 C is almost always lower than hyraceum δ 13 C (average offset 1.3 473 ± 1.1‰). The relationship between these two variables across multiple site/environments is difficult 474 to assess as most data points cluster between -25 and -26‰, with the single higher value for 475
Spitzkoppe. However, the higher faecal δ 13 C (-20.9 ± 1.5‰) at Spitzkoppe is mirrored in the hyraceum 476 δ 13 C (-20.1 ± 1.2‰; average of six samples spanning the last 120 years) ( Table S2 ). In summary, faecal 477 δ 13 C suggests that where a mixed C3/C4 diet is available the rock hyrax will graze, depending on 478 seasonal grass palatability and probably, protein content, but that for much of the year they are 479 restricted to browsing. At several sites, it is also apparent that the landscape around the hyrax colony 480 and associated spatio-temporal variability of palatable vegetation may account for inter-site 481 differences in the pellet isotopic signature. 482 and %N in faecal pellets ( Figure 9C ). This implies a dietary protein content control (Tables 2 and 3) . 540
Nitrogen isotopes
Greater isotopic diet-tissue discrimination has been reported for higher protein diets (Sponheimer et 541 al. 2003b ). Indeed, the lowest offsets are observed at Zizou and NK2010 where we observe significant 542 consumption of grasses (which have low foliar %N; Table 2 ). Additionally, we do not observe any 543 correlation between the diet-faecal offset and aridity (Figure 9D) , which might be an anticipated 544 impact of water conservation physiological responses to aridity. This finding is consistent with other 545 studies (e.g. Ugan and Coltraine, 2011) . 546
To link these findings with palaeoenvironmental studies employing hyraceum  (Table S2) . Furthermore several unrelated (to urea) N-574 containing animal metabolites have been identified within hyraceum . While this 575 issue needs further study, it is possible that other N containing components of hyraceum swamp any 576 15 N depleted urea, or that excreted urea is quickly converted to ammonia and volatilised (Schwarcz et 577 al., 1999) , and hence is not preserved. 578 In the Fynbos, diet is dominated by C3 vegetation and with the exception of SWP-2 there is 691 little evidence of CAM plant consumption. The SWP-2 data suggest that this cannot always be 692 discounted, and minor (< 1% of consumed material) consumption of CAM plants (Aloe) has been 693 observed in the dry season (Fourie, 1983) . In terms of hyraceum isotope records, the resulting shift in 694 
